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Abstract

Synthesizing stoichiometric and epitaxial thin films of pyrochlore iridates is an essential step
towards the experimental realization of unusual topological and magnetic states that are
theoretically predicted in this unique spin-orbit coupled material system. Here, we report on the
stoichiometry control, electronic and transport properties of pyrochlore iridate Bi;Ir,O7 thin films
grown by pulsed laser deposition. The as-grown films form a bilayer-like structure, in which the
top surface is highly Ir-deficient while the bottom layer is mainly composed of iridium metal. By
post-annealing the as-deposited films in IrO,/O, atmosphere, we obtained more stoichiometric
and homogeneous thin films through the film thickness with their lattice constant close to the
bulk value. Density functional theory calculation in the bulk limit shows a fourfold degenerate
Dirac node slightly below the Fermi energy at the X point, along with trivial bands around the I
point. The projected partial density of states suggests that the states in the vicinity of the Fermi
energy (-3 ~ 0 eV) mainly consist of highly hybridized Ir 5d and O 2p with minor contributions

from Bi 6s and 6p, while those far below the Fermi energy (-9 ~ -3 eV) are contributed primarily



by the O bands. Transport measurements revealed a weakly-metallic behavior at higher
temperatures transitioning to a weakly-insulating behavior below 150 K, and a low-temperature
magnetoresistance qualitatively ascribed to multi-carrier and bandstructural effects. The
transport features are influenced by a density of states sharply peaked at the Fermi energy, and
by the coexistence of trivial bands with the Dirac node, as revealed by the density functional

theory calculations.

I. INTRODUCTION

5d transition metal oxides (e.g. iridates) are correlated materials with strong spin-orbit coupling
(SOC) that have attracted significant attention in recent years'*. A prominent example is formed
by the pyrochlore iridates A,Ir,O; (or A-227 with A= Bi, Y or rare-earth element), in which
exotic electronic and magnetic ground states are predicted to emerge from the interplay of
electron correlation, SOC and geometrical frustration®'’. The effective electron interaction is
tunable by the A-site ion which has a strong influence on the local structure, in particular on the
Ir-O-Ir bond angle''. For example, when the large Pr’” ions occupies the A-site, the system is in
a weakly interacting regime and it forms a paramagnetic semimetal with quadratic bands
touching at the Brillouin zone center'?. By increasing the effective interaction to an intermediate
regime by reducing the A-site ionic radius, the system is driven into a topological Weyl
semimetal state that is accompanied by a non-collinear antiferromagnetic order’. Further increase
of electron interaction opens up an energy gap, leading to a magnetic Mott insulator.
Experimentally, the quadratic-band-touching phase has been confirmed in bulk Pr-227 crystals of
weak interaction by angle-resolved photoemission spectroscopy measurement'’; however, direct
detection of the more exotic Weyl semimetal states in the intermediate regime remains elusive'?,

although optical conductivity studies have revealed gapless features'™ '°. A speculation is that the



Weyl semimetal states exist only in a very narrow window of interaction'” which may be hard to
controllably access in bulk materials.

Epitaxial thin films provide excellent opportunities to explore novel topological and
magnetic states. First, the composition can be well controlled and tuned in most of the thin film
growth process, which is essential to the experimental realization of the theoretically predicted
phases in real materials, especially when the access window is narrow. Second, epitaxial growth
of thin films on lattice-mismatched substrates can create lattice strains in the films, or the
substrate and film can deliberately be subject to controllable stress by gluing to a piezoelectric
element. In both cases, strain provides another means of symmetry breaking or tunes the
effective electron interaction and hence the ground states. Indeed, recent studies on thin films of
the Ruddlesden-Popper iridates (e.g. SrpIrO4 and SrlrO;) have shown remarkable influence of

18-26

elastic strains on their electronic structures and magnetic properties ™ . Third, pyrochlore iridate

films in the ultra-thin (i.e., two-dimensional) limit break the cubic symmetry and could exhibit

emergent topological properties such as quantized Hall effect'”*"°

. Finally, thin films are ideal
platforms for fabricating complex device structures including heterostructures for both the
fundamental study of interface physics and the realization of practical applications.

In spite of promising features discussed above, the synthesis of pyrochlore iridate thin films
has turned out to be challenging. Most of the successful growths (e.g., Eu-227and Nd-227) so far
have utilized a solid-phase epitaxy method, in which amorphous films were first deposited by
pulsed laser deposition (PLD) or sputtering at a relatively low temperature and were then

crystallized by post annealing at an elevated temperature®' =

. To promote epitaxy, one must
ensure that the nucleation occurs exclusively at the film-substrate interface in the annealing

process. These films have shown electrical transport properties (e.g., temperature dependence of



31,3435 While elastic strain

resistivity) that are notably different from that of the bulk crystals
may play an important role on the physical properties™, the influence of stoichiometry has yet
been ruled out’**. On the other hand, epitaxial thin films of the pyrochlore iridate Bi-227 were

37, 38

also grown directly by PLD at a relatively high temperature . Interesting transport

characteristics including linear positive magnetoresistance and weak-antilocalization were

37, 38
observed®”

. Yet, chemical compositional analysis has suggested that the films are highly Ir-
and oxygen-deficient®. In this paper, we report on the stoichiometry control of epitaxial Bi-227
thin films via a novel post annealing approach. The as-grown films form a bilayer-like structure,
in which the top surface is highly Ir-deficient while the bottom layer is mainly composed of
iridium metal. By post annealing the as-grown films in IrO,/O, atmosphere, we realized near
stoichiometric and much more homogeneous films through the film thickness with their lattice
constant close to the bulk value. Density functional theory (DFT) calculations on Bi-227 in the
bulk limit show a fourfold degenerate Dirac node slightly below the Fermi energy Er at the X
point, in contrast to the quadratic bands touching at the ' point in Pr-227'2. The DFT
calculations also reveal a small sharp peak in the total density of states (DOS) at Er, which is of
importance to interpret the electronic transport measurements discussed below. The low density
of carriers and concomitant reduced screening lead to a weakly-metallic behavior at higher
temperatures 7 transitioning to a weakly-insulating behavior below 150 K, as revealed in
transport measurements. While a chiral anomaly could not be detected, transport measurements
showed a low-T magnetoresistance that could be understood in the framework of multi-carrier

and bandstructural effects. The dependence on 7 and magnetic field B revealed in electronic

transport reflects the influence of the coexistence of the Dirac node with trivial bands in the



vicinity of Ep, and of a DOS sharply peaked at Er, both discerned as well in the DFT

calculations.

ILLEXPERIMENTAL AND CALCULATION METHODS
Bi-227 thin films were deposited on yttria-stabilized zirconia (YSZ) (111) substrates using
pulsed laser deposition at a laser repetition rate of 2 Hz. The PLD target was prepared through a
solid state reaction method using a mixture of IrO, and Bi,Os at an Ir/Bi ratio of 3. Energy-
dispersive X-ray spectroscopy (EDX) characterization of chemical composition was carried out
in a scanning electron microscope (SEM, Quanta FEI). The EDX spectra obtained on the target
show that the actual Ir/Bi ratio is ~5.5. The KrF laser energy was set to 150, 180, and 200 mJ,
corresponding to a nominal laser fluence of ~ 5 J/cm®, 6 J/em® and 6.7 J/em®, respectively. The
oxygen partial pressure was kept at 50 mTorr, and the substrate heater temperature was
maintained at 750 °C. Post-annealing of thin films was carried out in a home-built three-zone
quartz-tube furnace. IrO, powder was placed in zone 2, and the Bi-227 thin film was in zone 3.
High purity oxygen gas flowed from zone 2 to zone 3 at a flow rate of 50 sccm. The oxygen
pressure was kept at 300 Torr during the annealing process. The zone 2 was first heated to 1000
°C at a ramp rate of 50 °C/min, after which the temperature of the zone 3 was increased to ~500
°C at 50 °C/min. The two zones were then maintained at the soak temperatures for 0.5 hours,
after which the furnace was naturally cooled down to room temperature.

X-ray diffraction (XRD) measurements were performed using either a Bruker DS
DISCOVER diffractometer or a PANalytical EMPYREAN diffractometer, where the Cu k, line
was selected as the incident beam. The 20-m spectra were collected by a scintillation detector,

and the reciprocal space mapping (RSM) scans were measured using a position sensitive detector



(Vantec). The RSM data were analyzed and plotted using Python. The cross-sectional samples
for transmission electron microscopy (TEM) analysis were prepared via mechanical grinding,
dimpling, and a low-energy ion polishing step (PIPS 691, Gatan, Inc.). The TEM, scanning
transmission electron microscopy (STEM), and electron-dispersive X-ray spectroscopy (EDX)
analysis were conducted using a FEI TALOS F200X at 200 kV, equipped with ultrahigh
resolution high angle annular dark field detectors, and super-X EDX. Scanning tunneling
microscopy (STM) characterizations were carried out in an ultrahigh vacuum STM (Omicron)
system with a base pressure of 5.5x10™'" Torr at room temperature. The STM tip was chemically
etched tungsten. The Bi-227 sample was annealed at 200 °C at the same base pressure for 3
hours before STM measurements. Atomic force microscopy (AFM) measurements were carried
out on a Dimension Icon (Bruker Corporation) instrument. Scanasyst-Air cantilevers (NCST,
NANO WORLD) with a spring constant of 0.4 N/m, normal resonance frequencies 70 kHz, and
nominal tip radius of 2 nm were employed in Scanasyst-Air mode. X-ray photoelectron
spectroscopy (XPS) was carried out using a PHI (Physical Electronics) VersaProbe II instrument

equipped with a focused monochromatic Al (K,) source®™*°

. Magnetotransport measurements
were performed on a microfabricated L-shape Hall bar mesa, fabricated by photolithography
followed by reactive ion etching in BCl; (Supplemental Material, Fig. S1*'). The L-shape
allowed the characterization of anisotropic transport properties. The active region of the Hall bar
featured a length of 160 um length and a width of 80 um. Magnetotransport data were obtained
over 1.3 K < 7 <297 K in systems allowing different orientation of B w.r.t the film plane.
Excitation currents varied between 1 LA to 1 mA, depending on measurement temperature.

DFT calculations were performed on Bi-227 in the pyrochlore structure (space group 227,

Fd-3m), by using VASP***. The generalized gradient approximation** and projector-augmented



wave pseudopotentials® were employed, and the spin-orbit coupling was included self-
consistently within DFT formalism. For the calculation of band structure and density of states
(DOS), we considered a face-centered cubic primitive unit cell consisting of 22 atoms with the
experimental lattice constant of 10.311 A*, and used an energy cutoff of 400 eV and 9x9x1 k-

point mesh. The structure was found to not carry any net magnetization.

II.RESULTS AND DISCUSSION

The Bi-227 thin films obtained using a laser fluence of ~ 5 J/cm® were epitaxially grown on the
YSZ (111) substrate but showed significant off-stoichiometry. As shown in Fig. 1(a), only the
(111) family of film peaks were observed in the XRD 6-26 scan, indicating a (111)-oriented
growth. A fine scan exhibits clear oscillations around the (222) peak of the thin film [inset of
Fig. 1(a)], revealing high crystalline quality and smooth surface. The out-of-plane lattice
constants dyy; of these as-grown films were calculated to be 3.01~3.02A, about 1% larger than
that of the stoichiometric bulk sample (~ 2.98A) ***’. This out-of-plane elongation is ascribed to
both off-stoichiometry and in-plane compression of the thin films. Indeed, our EDX
characterization suggests a low Ir/Bi ratio of 0.55~0.65 in the as-grown films. Since Bi’" has a

. . N
larger ionic radius than Ir*" *

, the replacement of Ir by Bi can result in an overall lattice
expansion. Furthermore, as the lattice constant of Bi-227 is larger than that of the YSZ substrate,
an in-plane compressive strain (and hence out-of-plane elongation) is expected as a result of
epitaxial growth, which is confirmed via reciprocal space mapping of the [202] peak. As
depicted in Fig. 1(b), the film peak lies below the full relaxation line of the cubic structure,

indicating that the in-plane lattice of the thin film (along the x-direction) is indeed compressed

while the out-of-plane (along the z-direction) is elongated. In comparison to the films grown

7



using a lower laser fluence of ~3.3 J/em® **, both the Ir/Bi ratio and the out-of-plane lattice
constant in this work are closer to the bulk values. Further increase of laser fluence reduces the
lattice constant and increases the Ir/Bi ratio (Supplemental Material, Fig. S2*'). Yet, XRD 6-
20 measurement shows Ir metal peaks in the films grown with a high laser fluence of ~ 6 and ~
6.7 J/em®. Therefore, the following discussions will focus on the films grown at a laser fluence of
~5 J/em® unless otherwise noted.

A typical cross-sectional HR-TEM image [Fig. 2(a)] of the film/substrate interface area
exhibits clear lattice fringes in the film, suggesting high crystallinity of the sample. The
corresponding selected-area ED pattern [Fig. 2(b)] reveals well-distinguished diffraction dots
similar to the ones from the substrate [Fig. 2(c)], confirming the high epitaxial quality of the film
on the substrate. The epitaxial relationships of the film and the substrate are determined to be
(222)Bi-227||(111)YSZ and [022]Bi-227||[011] YSZ. The matched lattice fringes and high
quality epitaxial growth are also evidenced in the high resolution STEM image in Fig. 2(d). It is
noted that the HR-TEM image [Fig. 2 (a)] shows a thin dark layer near the film-substrate
interface suggesting the growth of a thin disordered layer at the early stage of deposition. Such
disordered interface region is also obvious in the STEM image (Fig. 2(d)), revealed as a bright
contrast layer, indicating a higher average atomic number Z. The EDX mapping in Fig. 2(g)
suggests that the interface layer (~2.5 nm) is highly Ir-rich, while the bulk part of the film
appears more uniform. The interface layer also has minimal Bi and O signals [Fig. 2(f) and (h)],
indicating the formation of a metal Ir layer. It is worth noting that Ir nanocrystals were also
observed in Nd-227 thin films grown by solid state epitaxy’>. The absence of obvious Ir peaks in
the XRD 0-20 measurement [Fig. 1(a)] suggests that the Ir metal layer is very thin and may have

very fine grain size.



A post-annealing approach was developed to realize high quality and stoichiometric thin
films. Figure 3(a) depicts a schematic illustrating the annealing process: IrO, powder was first
heated up to 1000 °C at which it sublimated to form vapor; the flow of oxygen gas carried the
iridium oxide vapor downstream to react with the as-grown thin film at ~500 °C for 0.5 hour. As
shown in Fig. 3(b) and its inset, the film maintains its (111) preferential orientation, and the
(222) and (444) peaks shift to higher angles after annealing, indicating that the out-of-plane
lattice constant is reduced. The value of dyy; calculated using the (444) peak is 2.99A, only
~0.3% larger than the bulk value*®*’. We note that misfit dislocation and strain relaxation may
give rise to a change of lattice constant. To check if this is the case upon annealing, we did
reciprocal space mapping of an annealed sample. As shown in Fig. 3(c), the annealed film is still
under compressive in-plane strain, similar to the as-grown films [Fig. 1(b)]. The change in lattice
constant is associated with the improved stoichiometry of the film after annealing. Indeed, EDX
characterization at two different spots on an annealed film shows an Ir/Bi ratio of 1.0+0.2 and
1.0£0.3 (Supplemental Material, Fig. S3*'), confirming the expected cation stoichiometry within
the experimental uncertainties. The major uncertainty in the EDX is likely due to the large
background signal from the bulk substrate that is underneath the film. We therefore carried out
more surface-sensitive X-ray photoelectron spectroscopy (XPS) measurements on an annealed
film; the Ir/Bi ratio determined from the XPS spectra was 1.038 £ 0.004 (Supplemental
Material, Fig. S4*), which further confirms the stoichiometry of the films. The surface
morphology of an annealed film was characterized by STM, and it shows a local overall surface
roughness (root mean square height) of about 1.18 nm (Supplemental Material, Fig. $5*"), which
is comparable to that of the Eu-227 films grown by solid state epitaxy'. High crystalline quality

of the annealed films is further confirmed by cross-sectional TEM [Fig. 4]. As shown in Fig.



4(b), lattice fringes are clearly seen in both the film and the substrate. The EDX mapping of the
cross-sectional image in Fig. 4(d)-(f) shows a more uniform distribution of elements than in the
as-grown film [Fig. 2(f)-(h)], and the Ir sub-layer was essentially diminished.

Our previous DFT calculation suggests that the point defects in the Ir-deficient films are
antisite Biy, rather than Ir vacancies®®. These high density antisite defects were eliminated by post
annealing in IrO,/O, vapor, resulting in a decrease of lattice constant (again, since Ir*" has a
smaller ionic radius than Bi** *®). The annealing contains three major processes: 1) creation of
highly volatile IrOs, 2) transport of IrOs gas phase towards the film, and 3) chemical reaction
between IrO; and the Ir-deficient film. According to previous studies™, the following chemical

reaction: 2IrO; (s)+0, (g)=2IrO; (g) occurs in the first process where the temperature is below

2
1100 °C. The equilibrium constant for this reaction is: K, = (1’;:_03)’ where P53 and Py, are the

02

partial pressure of IrOs; and O,. Ccordfunke et al. determined a temperature-dependent

27596
T

equilibrium constant: LogK, = — +16.902 *. We therefore calculated the partial pressure

of IrOs to be P93 = 0.07 Torr based on T=1000 °C (or 1273 K) and P,, = 300 Torr. In the
second process, the IrO; gas is transported by the carrier gas towards the thin film placed
downstream in the quartz-tube reactor [Fig. 3 a]. In the third process, the IrO; (g) reacts with the
Ir-deficient thin film, and the Ir atoms replace the Bij, antisite defects, leaving excess Bi in vapor
phase. Based on the standard Gibbs energy equations for the formation of gaseous bismuth and
bismuth oxides™, we found that the BisOg (g) is the most stable phase among a variety of
bismuth vapor species at the annealing temperature of 500 °C (or 773 K). Given that the Ir metal
sub-layer near the substrate interface were significantly diminished after annealing, it is
reasonable to believe that the Ir atoms in the metal layer also diffuse into the bulk of the film and

replace the Biy, antisite defects. It is worth noting that although post-annealing is involved in both

10



the solid state epitaxy” > and our approach here, the mechanisms differ: in the former case, the
annealing crystallizes an amorphous film, utilizing the single crystalline nature of the substrate as
a driving force for epitaxy; in the latter (i.e. our case), the annealing tunes the stoichiometry of an
as-grown, epitaxial film, without impacting its crystal structure. By controlling the annealing
atmosphere, one can essentially apply our approach to other binary or ternary material systems
that consist of elements with highly distinct vapor pressures, to achieve stoichiometry.

The electronic properties of the Bi-227 films were studied by DFT calculations. It is noted
that most of the previous theoretical studies of electronic properties were focused on ultra-thin
films that are composed of only a few trigonal/kagome atomic layers>’~". Since the films in this
work are about 20 nm thick, which corresponds to ~ 66 atomic layers, it is here reasonable to
carry out calculations in the 3-D bulk limit. Given the large ionic radius of Bi**, the electron
interaction is believed to be rather weak and the Hubbard U term (on-site Coulomb repulsion)
was hence set to zero. As observed in Fig. 5 (a) and (b), the electronic structure shows a fourfold
degenerate Dirac node at 57 meV below Er at the X point. This Dirac semimetallic feature is
similar to that in B-cristobalite BiO,, which has the same space group and was suggested to be a
non-symmorphic Dirac semimetal with a fourfold degenerate Dirac node at the X point at Ex .
The linear dispersion is in contrast to the quadratic band touching in another metallic pyrochlore
iridate, namely Pr-227 in which the effective electron interaction is also considered to be weak
due to the large radius of Pr’*. Coexisting with the Dirac nodes in Bi-227 are some trivial bands
around the I' point [Fig. 5 (a)].

The total DOS in Fig. 6(a) exhibits a small sharp peak at Er, qualitatively consistent with
previous calculations®. As a result, the electrical properties are anticipated to be sensitive to

perturbations that can shift Er away from the local maximum in the total DOS. The projected
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partial DOS shown in Fig. 6(b) suggests that the states in the vicinity of Er (-3 ~ 0 eV) mainly
consists of Ir 5d and O 2p along with some minor contributions from Bi 6s and 6p, while those
far below Er (-9 ~ -3 eV) are contributed primarily by the O bands. The large overlap of the
occupied states as well as their unoccupied counterpart (above Er) suggests strong hybridization
between these orbitals.

Finally, we studied the electronic transport properties of the annealed film, and we link the
observed transport properties to the DFT calculations. The dependence on 7 of the sheet
resistance (2D resistivity) Rp at B = 0 and the low-7 magnetoresistance (MR, Rg vs B) were
obtained on an L-shaped Hall bar mesa (Supplemental Material, Fig. S1*') prepared by
photolithography and dry etching. The L-shaped Hall bar, aligned along perpendicular and non-
equivalent crystal directions [224]Bi-227 and [220]Bi-227, additionally allows the detection of
anisotropic carrier transport properties, since a study of transport anisotropy has not received
much attention in the pyrochlores. The sample displayed anisotropy, with values for Rg at B =0
and T = 4.2 K of approximately 2750 Q/ in the high-resistivity direction [224]Bi-227 (Rg —
R,) and 1300 /B in the low resistivity direction [220]Bi-227 (Ra — R,,). This stoichiometric
film also displayed a sensitivity to cooldown protocol, leading to a variation in measured values
for Rp of about 7%. The sensitivity is attributed to Er lying at a small but sharp peak in the DOS,
as inferred from the DFT calculations. A small variation in Er can then lead to susbstantial
variation in DOS at Er, to which transport properties are sensitive.

The main panel in Fig. 7(a) depicts Ra = R, vs T for 4.2 K < T <297 K obtained in the high-
resistivity direction [224]Bi-227 at B = 0. A weakly-metallic behavior at high T transitions to a
weakly-insulating behavior for 7 < 150 K. The changeover and resulting minimum in Rg vs 7' is

not believed to be due to an electronic or structural transition. The weakly-insulating behavior
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results only in a maximal ~ 6 % increase in sheet resistance between 150 K and 4.2 K, and is
hence not as pronounced as the insulating behavior that would result from a band gap. The data
(Fig. 7(a) and its inset for B = 0) further do not closely fit a power law Rg ~ T'% in contrast to
observations in bulk single crystals*® and further do not follow 1/Ra ~ In(7), as would be
expected from the Aronov-Altshuler mechanism for electron-electron interactions®*>* due to an
effective suppression of the DOS at Er. The broad minimum in sheet resistance at 150 K and the
weakly-insulating behavior for 7 < 150 K are instead ascribed to the competition between
decreasing scattering of carriers by phonons with decreasing 7, and a progressive carrier trapping
at lower 7, in a disorder potential largely unscreened due to a relatively low DOS at Er. These
findings are supported by the DFT calculations. Strain in the film can also contibute to disorder,
to which transport properties will be sensitive, although not necessarily detectable in TEM
studies. The observed transport anisotropy along [224]Bi-227 compared to [220]Bi-227 would
not be expected for unstrained bulk crystals with cubic symmetry. Nevertheless, a transport
anisotropy is regularly observed in thin films of cubic crystals. The anisotropy has not received
as much attention in pyrochlores as it has in technologically important face-centered cubic
semiconductors such as multivalley Si* *° and Ge ™' or high-index GaAs®, where the
anisotropy is well-recognized and taken into account in device fabrication. The anisotropy in Si,
Ge and GaAs has been attributed to effects on bandstructure carrier valleys of residual strain
(resulting in an effectively uniaxial distortion) and surface effects breaking the cubic symmetry”™

8. 60 and to anisotropic scattering (i.e. surface scattering, phonon scattering, intervalley

scattering, or impurity scattering not conforming to the cubic symmetry)*® >" > ¢ 62 In the

multivalley semiconductors the exact origin of the experimentally observed anisotropy has

typically not been straightforward to discern, and likewise, the origin of the observed transport
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anisotropy between [224]Bi-227 and [220]Bi-227, while an experimental fact, has not been
elucidated. In the present work, STM on the Bi-227 thin film (cfr Supplemental Material, Fig.
S5y and AFM on the YSZ substrate (cfi Supplemental Material, Fig. S6*') did not detect
surface morphologies (e.g. ripples) that could induce anisotropic surface or interface scattering’”
62 Possibly, the predominantly biaxial strain originating in the film growth on YSZ substrates
(as evidenced by the RSM data in Fig. 3(c)) has a residual uniaxial component breaking the
cubic symmetry and contributing to the anisotropy. Anisotropic phonon scattering, intervalley
scattering, or impurity scattering cannot be excluded. Further, Fig. S7 of Supplemental Material
(calculated by DFT) is included to show the multivalley character of the Bi-227 around Er*', and
the figure highlights the different energy dispersions found in the valleys along the [224]Bi-227
and [220]Bi-227 directions. As in Si and Ge, the multivalley character likely renders Bi-227
prone to transport anisotropy due to the mechanisms enumerated above. The inset in Fig. 7(a)
compares Rg = R, vs T for 1.3 K < T < 10 K, in the high-resistivity direction [224]Bi-227 for
cooldowns at B =0 and at B =5 T (with B applied perpendicularly to the film surface). While
MR is evident from the comparison, no evidence for a magnetic transition® is apparent in the
range 1.3 K<T<10K.

Figure 7(b) contains measurements of MR (Rg = R, over -5 T < B < 5 T) in the high-
resistivity direction [224]Bi-227 at different 7. The traces at 4.87 K, 1.83 K, 1.55 K and 1.32 K
were obtained with B applied perpendicularly to the film surface, after cooldown under B = 0.
The trace at 7= 1.44 K was obtained with B applied perpendicularly to the film but after cooling
the sample from 10 K under perpendicular B =5 T. The trace at 7= 1.27 K was obtained (after B
= 0 cooldown) with B applied in-plane and parallel to the measurement current direction, hence

parallel to the electric field over the sample, to probe the presence of possible chiral anomaly,
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potentially induced by lifting of the degeneracy of the Dirac node (not observed, cfir below).
Magnetic hysteresis in the MR traces could not be observed in any of the cases, pointing to an
absence of magnetic order. The gradual evolution under decreasing 7 apparent from the
comparison of the traces obtained at 4.87 K, 1.83 K, 1.55 K and 1.32 K also argues for the
absence of a magnetic transition in this range of 7, as corroborated by the data in the inset of Fig.

7(a). The Aronov-Altshuler mechanism for electron-electron interactions >>>°

is not favored by
the dependence of Rm on T at B = 0 (Fig. 7(a)) and is thereby eliminated as a source of the
observed positive MR. Instead, the positive MR and its gradual dependence on 7 (Fig. 7(a) inset)
may indicate the existence of multiple types of charge carriers, originating in the presence of
multiple bands in the electronic structure [Fig. 5 and ref. ®]. The complex bandstructure as
calculated by DFT (Fig. 5), featuring a coexistence of the Dirac node with trivial bands in the
vicinity of Er, supports the contribution of multiple types of charge carriers. The MR at 7'=4.87
K assumes a more pronounced linear dependence on B at higher B. A linear positive MR at high
B can be due to a linear or quasi-relativistic dispersion of the underlying electronic structure (as
observed in topological insulators, Bi, Dirac materials, and narrow-gap semiconductors)®. In the
present material, the linear dispersion characteristic of the Dirac node just below Er can
contribute to the linear MR. While a detailed analysis is not emphasized in the present work, the
observed MR hence appears to result from a combination of several phenomena, including multi-
carrier effects and linear MR due to bandstructure, both features supported by the DFT
calculations. It is also noted that the MR obtained with B applied parallel to the electric field
over the sample (7 = 1.27 K) does not substantially differ from the MR obtained under

perpendicular B, and hence effects of a chiral anomaly °° cannot be inferred. The inset of Fig.

7(b) depicts the MR (Rz = R, vs B) in the low-resistivity direction [220]Bi-227, obtained at T =

15



1.32 K. This MR bears a strong resemblance to the MR obtained in the high-resistivity direction
at 1.32 K, but is of somewhat lower relative magnitude (3% rather than 4 % over 5 T).
Comparing the present thin film results for Rg vs 7 (Fig. 7(a)) with results on a bulk BiyIr,O;
sample *°, we find that the metallic low-T dependence Rp ~ 7*? observed in the bulk sample for
1.7 K < T< 10 K is not observed in the thin film, while Ref. [*] similarly concludes that the
sensitivity of transport properties to external parameters can originate in Er lying at a small but
sharp peak in the DOS. Concerning R vs B (Fig. 7(b)), the bulk Bi,Ir,0; sample * lacks

significant MR for B < 14 T, in contrast to the present thin-film material.

IV.CONCLUSIONS

In summary, we developed a post-annealing approach to tune the stoichiometry and lattice
parameters of Bi-227 thin films grown by pulsed laser deposition. The as-grown films form a
bilayer-like structure, in which the top layer is highly Ir-deficient Bi-227 while the bottom layer
is mainly composed of Ir metal. By post-annealing in IrO, atmosphere, we realized much more
stoichiometric and homogeneous thin films through the film thickness with their lattice constant
close to the bulk value. The same approach may be applied to other non-stoichiometric binary or
ternary material systems to control stoichiometry. DFT calculations in the bulk limit show a
fourfold degenerate Dirac node slightly below the Fermi energy at the X point, coexisting with
trivial bands around the I point. The projected partial DOS suggests that the states in the vicinity
of the Fermi energy (-3 ~ 0 eV) mainly consist of highly hybridized Ir 5d and O 2p with minor
contributions from Bi 6s and 6p. The states further below the Fermi energy (-9 ~ -3 eV) are
contributed mainly by the O bands. Transport measurements could not detect a chiral anomaly,

but showed a weakly-metallic behavior at higher temperatures transitioning to a weakly-

16



insulating behavior below 150 K. Transport measurements also showed a low-temperature

magnetoresistance, attributed to multi-carrier and bandstructural effects.
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Figure 1. (a) X-ray diffraction 0-20 scan of a Bi-227 thin film grown on YSZ (111) using a laser
fluence of ~ 5 J/cm®. The inset shows a fine scan around the (222) peak of the film. (b)
Reciprocal space mapping around the YSZ (202) peak. The intensity was normalized and plotted

in log scale. The dashed line extrapolates to the origin of the qx-q, graph and hence represents a

full relaxation of the cubic structure.
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Figure 2. (a) Cross-sectional TEM image of a Bi-227 film grown on YSZ (111) substrate.
Selected-area electron diffraction pattern taken from (b) the thin film and (c) the YSZ substrate
region. (d) High resolution STEM image showing clear lattice fringes of the film and the
substrate. €) STEM image of the thin film and the corresponding EDX mapping of the elements

of (f) Bi, (g) Ir and (h) O.
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Figure 3. (a) A schematic picture showing the annealing process. (b)XRD 0-20 scan of an
annealed sample; the inset shows fine scans around the (444) peak of the film taken using a
PANalytical EMPYREAN diffractometer. The two patterns were calibrated using the YSZ
substrate peak, and their intensities were normalized for a better comparison of the film peak
positions. (c¢) Reciprocal space mapping around the YSZ (202) peaks. The intensity was
normalized and plotted in log scale. The dashed line extrapolates to the origin of the qx-q, graph

and hence represents a full relaxation of the cubic structure.
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Figure 4. (a) Cross-sectional TEM image, (b) Scanning TEM, and EDX mapping of (d) Bi, (e) O
and (f) Ir of an annealed Bi-227 thin film. A slight variation of thickness was observed in

different sample regions.
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Figure 5. (a) Electronic band structure of Bi-227 calculated using DFT, where energies are
referred relative to the Fermi energy Er. (b) Electronic band structure zoomed in near the Dirac

node at the X point (as denoted by the box in (a)).
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Figure 7. (a) Sheet resistance Rp vs T at B = 0 in the high-resistivity direction [224]Bi-227 (Rp =
R.). The inset shows Rm = R, vs T under B = 0 (black curve) and under B = 5 T applied
perpendicularly to the film surface (red curve) in the high-resistivity direction [224]Bi-227, for
1.3 K < T < 10 K. Due to the sensitivity to cooldown protocol, a slight variation in sheet
resistance (a few %) is noted at the same T for different traces. (b) Magnetoresistance Rp = Ry, Vs
B at indicated T in the high-resistivity direction [224]Bi-227. The traces are obtained under
different field conditions are as explained in the text. The inset shows the magnetoresistance Rp
= R,, vs B at 1.32 K in the low-resistivity direction [220]Bi-227, after cooldown to ~ 1.30 K at

B=0.
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